Smallness of the imaginary part of //-nucleus scattering length 
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In two recent analyses of r\ meson production a very small imaginary part was obtained for the 
»7 3 He scattering length, which is in contradiction with most theoretical predictions. In this report a 
plausible explanation is given to this unexpectedly weak absorption by suppression of the two main 
inelasticity channels. It is stressed that the real and imaginary parts of the elementary scattering 
length do not necessarily always have the same isospin algebraic and spatial properties in a nuclear 
environment and caution should be exercised in their use in multiple scattering calculations and 
even constructing simple optical potentials. 
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Production of the 77 mesons close to threshold has ob- 
tained considerable interest during the last decade or so. 
One reason is that there is a possibility of bound mesonic 
nuclei, i.e. nuclei with an 77 meson bound with the strong 
interaction Q. This expectation is based on the knowl- 
edge that the nN interaction is quite attractive with a 
significantly sizable scattering length. However, there is 
a long standing controversy about how heavy nuclei can 
bind an 77 meson. Most works give 4 He or heavier as the 
lowest limit, but some claim even 3 He to be able to bind 



an 77 meson 

The scattering quantity standardly associated with 
binding is the sign of the real part of the scattering 
length, or. With the convention normal in meson physics 
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a positive or indicates moderate attraction, while a neg- 
ative value means repulsion or a bound state. However, 
as pointed out earlier by Haider and Liu, also |or| > ft/ 
should be valid 0. By unitarity, the imaginary part ai 
is always positive. In Ref. this game was carried 
even further to second order in r e /a with the condition 
a 3 (a* — r*) > 0, which reduces to the former one, if 
r e = 0. From these conditions (albeit with the bold as- 
sumption that \a\ ^> \r e \) one can see that also the imag- 
inary part of the scattering length has an essential role 
even for the very existence of bound states, not to say 
anything about their width. In fact, a very strong corre- 
lation between a and the binding energy and the width 
was seen in Ref. 01 giving constraints for the latter 
provided bound states do exist. For this reason a detailed 
study and understanding of also the imaginary part of 
the 77-nuclear scattering length is relevant. 

In Ref. a reanalysis of existing data on the 77 3 He 
system was presented. These data stem from the reaction 
pd — > 77 3 He and the extraction of the scattering length 
was based on the standard low energy expression of the 
final state interaction 
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where the original production amplitude f p is assumed 
to be very short ranged and essentially momentum inde- 



pendent. The global fit to available data gave the result 
a = ±4.3±0.3+t: (0.5±0.5) fm. It should be stressed that 
this analysis cannot determine the sign of the real part, 
which only appears in the second power. Further, this re- 
sult is fully consistent with a coupled channel iv-matrix 
analysis of Ref. |H| yielding a = 4.24±0.29-H 0.72±0.81 
fm. 

Somewhat surprisingly the above analysis gives only a 
very small imaginary part, consistent with zero. Naively 
one might have expected the result to be of the order of 
three times the elementary amplitude a n N at least for the 
imaginary part. The imaginary part of the elementary 
scattering length in turn varies in the range 0.2 - 0.4 
fm [5j, so that the naive expectation would be about 
1 fm. Indeed, the results computed by various models 
and various elementary inputs vary between 0.5 fm and 
6 fm. 

There are two main sources for the inelasticity in the 
system. Firstly there is the inherent input inelasticity in 
the elementary amplitude a V N ~ 0.5 ±0.2 + 7 (0.35 ±0.1) 
giving the above mentioned 'naive' expectation. Sec- 
ondly, with the nucleus there is also the possibility of 
nuclear break-up. In the following I will address both 
and argue that both are significantly suppressed. 

Pionic inelasticity: 

The elementary inelasticity is due to the process rjN — > 
irN. It seems that most (if not all) calculations merely 
consider the complex scattering length as one entity. 
However, from the origin of the inelasticity it is clear 
that the real (elastic) part and imaginary (inelastic) part 
have a different isospin structure. Only the elastic part 
is of the trivial identity operator form in isospin, while 
the latter is necessarily of the form ir ■ r and leads to the 
one-nucleon operator J^. 7r • operating on the nucleons. 
To the extent that the pion field spatially could be ap- 
proximated by unity (i.e. the plane wave argument can 
be neglected), the result is simply the total isospin op- 
erator. Since the considered nuclei have the isospin one 
half, for the 3 He as well as for the triton this gives the 
same value as for a single nucleon and there is no factor 
of three. So from the pionic inelasticity one should not 
have more than the single nucleon value ~ 0.3 fm. How- 
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ever, this very approximate assumption is not needed as 
seen below. 

The above quoted value is obtained actually for a very 
compact object, a single baryon. In the case of a coher- 
ent process in a nucleus actually the form factor of the 
nucleus arises as a function of the momentum transfer 
q v w 490 MeV/c (we neglect the n momentum), which 
is a small and common multiplier to the isospin operator 
of each nucleon and consequently the same total isospin 
operator is obtained as above. This coherent (nucleus 
conserving) reaction suppression by the form factor by 
even two orders of magnitude is not taken into account 
in simple optical potentials, where, in spite of the very 
different kinematics an and a/ are treated on equal foot- 
ing. 

Actually the softness of the nucleus does not come fully 
into the suppression, because, in principle, the nucleon 
form factor could attenuate this somewhat. Namely one 
might write the physically measured effective elementary 
ai in terms of the rjN form factor and a "pure coupling 
as 

a/ = aj(eff) = F vN (q w ) a/(pure) (3) 

and write the nuclear form factor effect symbolically 

a / (77 A) = F ( nA)q 7T a/ (pure) = F r , A (q 7r )/F r]N (q w ) a/(eff) . 

(4) 

However, F^n is much harder than F^n and in prac- 
tice the inelasticity from this source must be negligibly 
small. Using Gaussian distributions giving r.m.s. radii 
0.6 fm and 1.9 fm for the nucleon and 3 He, respectively, 
a suppression factor of 0.04. Together with the a/ of 
nN scattering this result is supported by the data on 
7T~ 3 He — > nt of Ref. |l2| as can be seen from Fig. 6 of 
Sibirtsev et al. 0- 

The above exercise is to some extent a repetition 
of the fact, known long ago in pion production and 
absorption in nuclei, that processes involving large 
momentum transfers are small with a single nucleon. 
On the other hand, quite clearly the charge exchange 
inelasticity n ± A — > n°A at threshold does not have this 
massive suppression, since a large momentum transfer is 
not necessary and the reaction and elastic channels are 
kinematically nearly the same. 

Nuclear inelasticity: 

In general with large momentum transfers it is econom- 
ical to share it with typically two nucleons. In e.g. pion 
absorption on nuclei the absorption on two nucleons is 
by far dominant. We consider this now. 

It is an experimental fact that the cross section for 
np — > npn is about 6.5 times as large as that for pp — » ppr/ 
UJ. This is very suggestive, since if also in 77 absorption 
on bound nucleon pairs (with the same quantum numbers 
as in the final states of the mentioned reactions) 

(Tnp = 7: (o"0 + Cl) « 6.5<T pp = 6.5(7i , (5) 



then it follows that absorption on an isospin one pair 
is suppressed by an order of magnitude compared with 
isospin zero. This is very similar to pion absorption 
also on 3 He, where by far the dominant process is on 
a quasideuteron in the three-nucleon system rather than 
on a singlet pair. 

It may well be that pseudoscalar mesons prefer ab- 
sorbing on triplet pairs when possible. Further one may 
note that the isoscalar pair wave function part is some- 
what favoured in 3 He [lij . In view of these facts we may 
safely neglect absorption on the pp or in general on a 
singlet pair in attempts to understand the smallness of 
ai and concentrate on the isosinglct component alone. 

At this stage one may invoke information from the re- 
action np — > dn. For the absorption reaction one would 
get 

4p 2 

a{nd -> np) = - —a(np -> dn) , (6) 
3 q £ 

with p the nucleon and q the n momentum. This in turn 
can be used in the optical theorem 

/(# = 0) = £<r tot (7) 

to give the contribution from this source to the imagi- 
nary part of the forward amplitude, i.e. cij in the s wave. 
The numerical extrapolation to threshold from Ref. fl5| 
would be about 0.01 fm, while the available lowest en- 
ergy results of Ref. [16J are rapidly varying (indicating 
a large scattering length) with the zero energy limit be- 
ing 0.030 - 0.035 fm. In quasifree absorption of pions 
on quasideuterons in 3 He a factor of 1.5 - 2 was found 
a lon g ti me ago both theoretically |17| and experimen- 
tally | l8j . This factor may account for the denser wave 
function and the fact that in 3 He there are 1.5 isoscalar 
pairs. A similar factor is expected for n absorption and 
one would gain perhaps 0.05 - 0.07 fm from this source 
to the imaginary part of the scattering length. 

Also this means that once the n meson has been ab- 
sorbed on a dominant isoscalar pair, this pair cannot emit 
a pion staying in an S state. Namely the s-wave nature 
of the elementary process tends to preclude the change 
of the spin and parity and consequently also the isospin. 
This Pauli blocking effect (albeit in a small scale with 
only two nucleons) has been hinted at in Refs. ITsj 

However, since the elementary process does not take 
place at the centre of mass of the two active nucleons, the 
quasifree absorption nd — > NNt: is in principle possible 
with the final nucleons in a relative triplet P state and 
pion in the p state relative to the two nucleons (to con- 
serve the parity, d denotes here the quasideuteron pair). 
The final Pp state is not very favourable as can be seen 
from the following estimate. For an order of magnitude 
estimate one may use plane waves for the pion and high 
energy nucleons 

/>oo 

Moc ji(7Jr)j 1 (gr/2)VdWr 2 dr, (8) 
Jo 
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where ipd is the quasideuteron pair wave function for 
which I use the parameterization of Ref. [l4( for the CD 
Bonn potential j2£j. (Here q is the pion momentum.) 
This amplitude is squared and integrated over the phase 
space. The result is a suppression by a factor of 0.54 as 
compared with the pion and nucleons coming out in s 
waves and by a factor of 0.026 as compared with elastic 
zero energy scattering. 

Another possible nuclear reaction or decay channel 
r? 3 He — > pd was already studied in Ref. j§| and found 
to be able to contribute less than 0.01 fm. There 
remains still three-nucleon absorption. However, in pion 
absorption this has always been smaller than absorption 
nucleon on pairs 0, EI and there is no reason to 
expect this mode to be stronger here. However, this 
point remains for checks in rj absorption reactions, 
since, obviously, it cannot be studied by inverse pro- 
duction reactions as the other channels considered above. 

Summary 

In conclusion, I have considered some reasons why the 
originally quite large pionic inelasticity of rjN scattering 
decouples in the case of nuclei. The real and imaginary 
parts of the rjN scattering length actually have a different 
isospin dependence and momentum dependence, which 
changes the ratio of the elastic and reaction channels in 
a nuclear environment. This is not taken into account in 
calculations predicting large a/'s. Genuine absorption on 
the nucleus does not contribute very much either. 

With the suppression of both one- nucleon pionic inelas- 
ticity and estimates of the absorption on nucleon pairs, it 
seems quite understandable that 7y 3 He scattering should 



be rather elastic as indicated in the analyses of Refs. 

The largest inelastic contribution seems to be the 
nuclear decay due to the quasifree absorption on an isos- 
inglet (quasideuteron) pair rjd — > rip, which gives proba- 
bly 0.05 - 0.07 fm to the imaginary part of the scattering 
length. Other channels appear negligible as compared to 
this and there seems no need for ai larger than 0.1 fm. 
It would be of interest to see if the prediction can be ex- 
perimentally confirmed or whether three-nucleon decay 
becomes comparable to quasi-two-body absorption. 

By generality of the arguments this conclusion is prob- 
ably valid also for 77-meson interactions with other nu- 
clei, notably 4 He, and might be generalized also to some 
other mesonic interactions. In particular, the prospects 
for bound ?y-nuclear states may be increased with a small 
a/. 

More generally the present discussion shows that even 
in simplistic calculations starting from some elementary 
(complex) amplitude, often approximated by the scat- 
tering length, it should not be forgotten that the real 
and imaginary parts normally have different spin-isospin 
structures and may in nuclei lead to different results than 
naively expected. 
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